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INTRODUCTION
Organophosphorus compounds are recognized as playing a vital

role in all life forms.

They are primarily present as phosphate

esters and predominantly function as energy storage and transfer

agents.

1

code.

Certain organosphosphorus compounds act to inhibit enzyme

Deoxyribonucleic acid, a polymeric diester of phosphoric

acid, is responsible for protein synthesis and contains the genetic
activity by binding irreversibly to active sites and so are used as

pesticides and chemical warfare agents.

1

Some work has been done which suggests possible mechanisms for

nucleophilic substitution at phosphorus but at this point opinions

are varied and data does not always conform.

More work is needed

that illuminates the mechanism of substitution for specific systems
before responsible generalizations can be attempted.

The majority of known phosphorus derivatives are tetracoordi

nate and contain a pi bond.

2
dral in structure.

These compounds are normally tetrahe

The pi (n) bond is formed from overlap of
2
Oxygen is the most
phosphorus 3d orbitals and ligand 2p orbitals.
common ligand for the double bond.

To pi bond, a 3d orbital should be oriented so as to maximize

orbital interaction away from the sigma (cr) bonding framework. 1

The orbitals that have the least interaction with the a bonding
framework are the 3d

XZ

and 3dX2 2, Figure 1.
-y

2

3dxy

3dxz

3dyz

3d x2-y2
Figure 1

In molecules in which a ligand has non-bonding 2p orbitals, e. g.

oxygen, overlap may occur with both the 3d
2
Figure 2.

XZ

and 3dX 2

-y

2 orbitals,

Figure 2
Nucleophili� substitution at tetracoordinate phosphorus is

believed to take place through a pentacoordinate transition state or
3 4
intermediate. '

The properties of stable pentacoordinate phosphorus

compounds may yield insight into the configuration of these

transition states and/or intermediates.

3
The configuration preferred by nearly all pentacoordinate

phosphorus compounds is the one that minimizes Coulombic repulsion.

This configuration is the trigonal bipyramid (tbp), Figure 3a.
r
equitorial
(a)

axial

R:!_��

basal

(b)

Figure 3

In this configuration an equatorial bonding-pair would experience

bon�ing-pair - bonding-pair repulsion from only two electron-pairs
located at 900 while an apical bonding pair would experience three

such repulsions.

The result is a lengthening of the apical bonds.

A more electronegative ligand would tend to assist in withdrawing its
2
bonding pair and so would prefer an apical position.

A square pyramidal configuration (spy), Figure 3b, is also

found for five-coordinate phosphorus. Although the spy is less

stable than the tbp (a difference of about 1 Kcal mole-1 for PF ) 5,
5
it is favored by more electronegative ligands which prefer basal
6
.
sites. Even so they are only f ound in spirocyclic pnosphoranes.

It is usually thought that to become pentacoordinate, phosphorus

3
must hybridize sp d, a hybridization that would give a tbp
configuration.

However, molecular orbital calculations done on the

4
hypothetical molecule PH5 using phosphorus 3s and 3p orbitals and

the hydrogen ls orbital indicate that 3d orbitals will have little

effect on lower lying molecular orbitals.

5

These calculations

assume that orbitals used in the formation of molecular·orbitals
are the same as in the unperturbed atom.
incorrect as PH

5

does not exist.

This assumption must be

These calculations also predict

stability for NH5 although NH does not exist even though the N-H
5
7
bond is much stronger than the P-H bond.
An increase in the effective positive nuclear charge of the

phosphorus would contract the 3d orbitals, lower their energy, make
them less-diffuse, and so increase their participatior. in sigma
bonding.

An increase in the effective nuclear charge could be

brought about by highly electronegative ligands such as fluorine.

T he ligands would decrease the screening of the electrons and so
bring about a ligand field contraction of the 3d orbitals.

This

contention is supported by the fact that PH2F3 is the closest anyone
2
has come to producing the hypothetical PH5 molec�le.
Pentacoordinate phosphorus also exhibits n-bonding.

It has

been shown that equatorial ligands capable of forming a donor �-bond

8 9
will donate in the equatorial plane. '

Overlap may occur with

either the 3d
or 3d , 2 orbital of phosphorus.
xy
x�-y

This n-bonding

stabilization is secondary to the aforementioned preference of
electronegative ligands for the apical positions. 2

Trigonal bipyramidal phosphorus compounds are capable of

pseudorotation.

This process was first proposed by Stephen Berry to

5

explain the singular environment of fluorine in PF 5 as shown by
19
10
F n. m. r.
The mechanism of Berry pseudorotation is depicted in
Figure 4.

➔

tbp

spy

tbp

Figure 4
In this mechanism one equatorial ligand acts as a pivot and

remains equatorial.

The other two equatorial ligands move toward the

pivot ligand while the two apical ligands move away from it.

The

result is a different tbp with the axial ligands now equatorial.

It

is important to note that a square pyramidal arrangement is required
during the transition and that this should be the highest energy
form.

If a different equatorial ligand is now chosen as the pivot a

new arrangement will result.

This process may continue to give 20

possible configurations linked by 30 pseudorotation transformations.
Pseudorotation is subject to two constraints, ring system

constraints and ligand apicophilicities.

The preferred planar ring

angles predict that a four-membered ring prefers an apical-equatorial

6

posture (90 ° ), that six- and seven-membered rings prefer an equatorial
equatorial posture (120 ° ), and that five-membered rings will be

strained in any posture (preferred angle = 105 ° ).

This analysis would

indicate that pseudorotation with an equatorial ring bond as pivot

should not occur or should have a high activation energy.

The actual

barrier is determined by the flexibility of the ring and the desire
of certain groups to be apical (apicophilicity).

Relative apicophilicities may be determined experimentally by

19
F n.m.r. and the interchange of groups on four and five-membered

l�gand rings, or more theoretically by using binding energies.

11

These methods give the relative apicophilicities F > H> CF 3 > OPh>

Cl> SMe> OMe> NMe2> Me> Ph.

This ordering indicates that two

bonding factors, ligand electron withdrawal, pi overlap, and one
steric factor, size, may influence ligand positioning on a tbp

structure. 2

It is apparent that electronegative ligands prefer

apical positions supporting the theory of bonding-pair - bonding-pair

repulsion.

However, the positioning of hydrogen cannot be explained

on this basis.

As stated earlier ligands capable of donor �-bonding should be

equatophilic (equator-seeking) due to the alignment of the 3d

orbitals.

This gives a relative ordering of N > 0 > S > F > Cl.

This is expected to be the reverse of the apicophilicity ordering and
is with the exception of fluorine and chlorine.

The greater the steric requirement of a ligand the more it

should prefer an equatorial position.

This may help explain

7
hydrogens position in the ordering but is generally considered to be

of least importance.

HISTORICAL
The organophosphorus compounds which are of interest to us

contain a P=O or a P=S group and are tetracoordinate.

These com

pounds generally have a tetrahedral structure but this may vary
slightly with the nature of the other ligands.

Compounds of this

type are known to undergo nucleophilic substitution, the mechanism

of which is partially determined by the type of ligands attached to
phosphorus.

4

One mechanism, associated with phosphate monoesters and diesters,

is Snl(P) which is generalized in Figure 5 and is analogous to the
Snl mechanism of carbon chemistry. 3

z

II
HA - p - X
B

Slow

-HX

[A =

<:]

Metaphosphate

Fast
y-

z

►

A

II
p - y
B

Figure 5

The support for this mechanism may be summarized as

f0 11ows 3 , 11, 12 :
(a)

Pyrolysis of methyl 2-butenylphostonate in the gas phase

produces an intermediate that reacts with diethyl aniline,

stirred in n-butyl benzene at -6O ° C, to yield the zwitterion of
methyl hydrogen p-diethylaminobenzene phosphonate.

Only a

9

powerful electrophile such as methyl metaphosphate could

substitute under these conditions.
(b)

Phosphate transfer between a polymeric acyl phosphate and
polymer bound benzoic acid suspended in dioxane indicates
formation of a free monophosphorylating agent.

is thought to be the monomeric metaphosphate.
(c)

This agent

The entropies of activation are often slightly positive: e,g.

-1
-1
-1
-1
PhOP (O) (OH) 2 has� S#: = +3. 8 J K
mol
(+ 0. 9 cal K
mol )
-1
-1
and a-naphthyl-OP (O) (OH) 2 has� S#: = +17. 2 J K
mol
(+4. 1
-l
-1
cal K
mol ) . This suggests dissociation in the rate
determining step.

(d)

The product distribution in aqueous methanol is a precise

reflection of the mole fraction of methanol in the solvent.

This is indicative of a highly reactive, non-discriminating

intermediate.

Another mechanism of nucleophilic substitution at tetracoordinate

phosphorus, primarily applicable to phosphate triesters, is Sn2 (P) ,
Figure 6.

3

This mechanism is analogous to the Sn2 mechanism of

carbon chemistry ·and assumes the trigonal bipyramid in Figure 6 is a
transition state and not an intermediate.

There is a large amount of data to support this mechanism.

Kinetic data on the reaction of esters of phosphoric, phosphonic,
and phosphinic acids and their thioanalogues show that they are

10

y

z

+

.,p

,,
fl

K.

/

BX

X

+

)

Transition State
Figure 6

first-order in the phosphorus compound and first-order in the

nucleophile as is required for this mechanism.

14, 15

The cleavage of the P-0 bond has been established by studying

the alkaline hydrolysis of (CH

only one atom of

o) 3Po

3

18 16
in H2 o.

In this reaction

18
0 is incorporated into the product.

intermediate were involved two

18

If an

0 atoms could be incorporated.

This

point will be discussed further for an addition-elimination mechanism.
A study conducted with optically active,

14

labelled 0-methyl

c

methylphenylphosphinate and its unlabelled analogue in methanol

showed the rate of racemization to be exactly twice the rate of

exchange of methoxide, Figure 7.

+

17

0
II

.,.p
14
h
...
....j "-- o cH
P
3
CH 3

0
II

,..........P ... ,
''Ph
CH 0
3
CH

l

+

3

Figure 7
This can only occur via a bimolecular displacement reaction

with complete inversion.

Inversion is assumed to take place through

11

a tbp intermediate in which both the nucleophile and leaving group
occupy apical positions.

The vast majority of second-order nucleophilic displacements at
However, there are

phosphorus go with inversion of configuration.

some reactions that go by retention such as the attack of methyl
anion (from methylmagnesium bromide) on phosphonothiolate.

18

This

is even more unexpected in light of the fact that attack by methoxide
19
.
8•
ion
yields th e inversion
product, Figure
.
.
.

This
. may be exp1ained

if one assumes that a tbp intermediate may exist, as is shown in

MeO

0
u
p
/ ..

Inversion

' ....... OR
Ph

0
II

OR

Mes,

l
.... ,

p - 0

Ph�I
Me

Figure 8

____,.)-

RO'

,-,P,

A

Ph

Me

Retention

Figure 4, from which methane thiol may leave from an equatorial

position or after one pseudorotation from an apical position.

The

formation of a tbp intermediate which may undergo pseudorotation is

presently the accepted explanation for retention in cyclic and
4 20
acyclic tetracoordinate phosphorus. '

The existence of an intermediate requires an addition-elimination

mechanism.

Hydrolysis of carboxylic esters with H

product containing two

18

18
2 o yields some

O atoms, Figure 9, which can only occur via

12
Similar results for tetracoordinate phosphorus

an intermediate.

would confirm the existence of an intermediate.
0
fl
R - C - X

+

18 0H

0

•

R - C - X

18 I
0H

t+

R - _C - X
1811
0

18

+

0H
I

R - C - X

180I -

OH

acid.

18
oH + X

I

18 0

---....
) R - C II
18
0

21

23

R - � -

R - C - X

phosphoryl chlorides

esters

0

OH

18 oH

t+

---....>

In the hydrolysis of

18
oH

+

X

Figure 9

, phosphoryl fluorides

, however, on 1y one atom o f

22

, and acyclic phosphate

180 .
.
d in
. the prod uct
is incorporate

This may be explained in terms of an intermediate, if the

leaving group departs from the intermediate at a much faster rate

than the OH group.

Also, these studies were done on systems with

excellent leaving groups such that complete inversion is probable

with intermediate formation being unlikely.

Assuming a trigonal bipyramidal intermediate, Ramirez has set

forth eight rules to explain nucleophilic substitution in phosphate
esters.
1.

2.

4

Intermediacy of oxyphosphoranes.

Apical entry-departure rule.

13
3.

The polarity rule modified by taking into account cl-orbital

4.

Exclusive apical-equatorial placement of five-membered and

effects and ligand-ligand interactions.

four-membered rings in oxyphosphoranes, in contrast to the

preferred diequatorial placement of six-membered rings.

5.

Preferential retention of rings in decompositions of cyclic

6.

Equatorial placement of anionic oxo ligands, apical or

oxyphosphoranes.

equatorial placement of hydroxyl groups, in oxyphosphoranes.

7.

Avoidance of charge-separation in decomposition of

8.

Permutational isomerization of oxyphosphorane by regular

oxyphosphoranes.

and irregular processes.

Several pentacoordinate phosphorus compounds have recently been

found to have square pyramidal or rectangular pyramidal configur-

.
ations.

24 ' 25

Most of those compounds contain one or two five-membered

rings such as in fluorodioxaphosphole, Figure 10.

Apparently the

Figure 10

ring constraint offsets fluorines preference for an axial position
in a tbp.

If square pyramidal pentacoordinate phosphorus compounds can

exist it is reasonable to assume that substitution reaction

38835
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intermediates or transition states may adopt this structure.

A

14

square pyramidal intermediate has recently been proposed for the
alkaline hydrolysis of cyclic phosphonamidates,

C

C

o, ;O
p

N/ '-oMe

Me

o, �o
N

_,.,P ......._

26

Figure 11.

Me

Ph

Figure 11

A problem encountered in studying the stereochemistry of

substitution at phosphorus is the lack of suitable optically active

derivatives.

A system has been developed in this laboratory with

which the route of substitution at phosphorus in phosphates and
phosphonates can be determined.

27 ' 28

The system employs

2-substituted-5-chloromethyl-5-methyl-2-oxo-1,3,2-dioxaphosphorinanes,
the configuration of which can be determined by the

the 5-methyl hydrogens.

29

1
H nmr shift of

The initial compound studied was cis-2-

chloro-5-chloromethyl-5-methyl-2-oxo-1, 3,2-dioxaphosphorinane

(chloridate (l)),which is prepared by treating methyl bicyclic

29
phosphite with either chlorine or sulfuryl chloride, Figure 12.

Figure 12

1

Cl

15

cis

trans

Figure 1 3
Treatment of �he chloridate (1) with a nucleophile_gives both

cis and trans products, Figure 13.

The ratio of isomers is found to

be influenced by the nature of the solvent, Table 1
30 , 31

of added salts, Table 2

Table 3.

29

29

, the presence

, and the basicity of the nucleophile,

The change in isomer ratio with solvent is found to be a

function of the solubility of the salt produced as a byproduct.

The

amount of the trans isomer increases as. the solubility of the salt

increases.

Added salts diverts

the reaction toward more inversion

with the exception of lithium salts which have the opposite effect.

Solvents capable of solvating cations have a pronounced effect on the

ability of added salts to divert the substitution to inversion.

The

stereochemical outcome is found to depend primarily on the basicity

of the nucleophile when a charged nucleophile is used.

In the

treatment of the chloridate (1) with sodium phenoxide in various

solvents the isomer ratios are found to be kinetically controlled as
the individual isomers are found to be stable under the reaction

conditions and no isomerization was observed.

30

The treatment of trans-2-thiophenoxy-5-chloromethyl-5-methyl-2-

oxo-1 , 3, 2-dioxaphosphorinan (2) with ei�her sodium £_-methylphenoxide

16
Table 1
Treatment of chloridate (1) with nucleophiles in
different solvents
Nucleophile
NaOC 6H
5
NaOC 6H4ocH
NaOC 6 H4No
2

3

Products in CH CN
3
% cis
% trans

Products in C 6H 6
% trans
% cis

48

52

85

15

57

43

88

12

6

94

40

60

Table 2
Effect of added salts on inversion -retention ratio in
addition of sodium .£_ -methylphenoxide to chloridate (1) .
% cis
% trans
Solvent
(inversion)
(retention)
CH CN
3

CH3 CN + sat . NaCl

+
CH3 CN + 1 eq . (CH3)4 NCl CH3CN + 1 eq . LiC104
0
HCN (CH )
3 2
II

0

HCN (CH ) + 1 eq . (CH3) 4N Cl
3 2
II

+ -

0
+ 1 eq . LiCl04
HCN(CH )
3 2
Benzene

55 . 8

44 . 2

65 . 8

34 . 2

88 . 8

11 . 2

12.2

87 . 8

80 . 2

19 . 8

95 . 2

4 .8

47 . 4

52 . 6

10 . 0

90 . 0

17
Ta ble 3

Phenyl esters obtained from Chloridate (1)
R-phenoxide ion. a
CHzCl

CH3��

% retention

ClCH
2

P=O
R

sc6H
5

oc6 H 0cH
4
3

57

oc6H4cH3

50

oc6H
5

48

oc6H4 Br

36

oc6H4 No
2

6
a.

R

�;;l

R

7

a nd

=O

CH3

% inversion

93
43

50
52
64
94

% obta ined by integrated peak a rea s in CHC1 . Reactions
3
are
were ca rried out in dried CH3CN. All subst1tuents
para .

or sodium phenoxide gives only the retention product, Figure 14 .

Even with the

a ddition

chloride prior to

of one equiva lent of tetramethyl annnonium-

a ddition

reaction did not change.

30

Figure 1 4

of the sodium sa lt the course of the
However, with the

a ddition

of silver

18

nitrate inversion could be made to predominate.

32

The effect of the

silver cation was thought to be due to the prevention of pseudo

rotation.

In a trans-2-.E_-methylphenylthio phosphorinan, Figure 15,

the .2.-methyl hydrogens are split into a doublet, J = 2. 54 Hz, by the
phosphorus.

33

This indicates that sulfur 3d orbitals may overlap

more efficiently than oxygen 2p orbitals with phosphorus.

Figure 15

increased electron density may hinder the Sn2(P)

but not the retention route.

This

inversion process

The silver cation may be able to

coordinate with the sulfur reducing this effect and aid in removal
of the leaving group by a one step Sn2(P)

no intermediate.

process in whi.ch there is

Studies have been conducted on 2-substituted-5-chloromethyl-5-

methyl-2-thio-1,3,2-dioxaphosphorinans, Figure 16, with similar

results. 34

Here again lithium ion showed its ability to divert the

mechanism to retention, Table 4.
CHzCl

0
CH3
��

P=S

These studies also showed that
Cis is.omer

Figure 16

19
Table 4

Percentage of Cis and Trans isomers obtained by treating trans-2chloro-5-chloromethyl-5-methyl-2-thio-1, 3,2-dioxaphosphorinan with
sodium ,E_-methylphenoxide in various solvents.

Solvent

CH CN + 1 equiv. LiCl0 4
3
CH CN
3

+
CH CN + 1 equiv. (CH3)4 N Cl
3

,,

HCN(CH3)
2
0

,,
+
HCN(CH ) + 1 equiv. (CH3)4 N Cl
3 2
a

% trans
(retention)
40. 0

% cis
(inversion)
12. 5
60. 0

6. 2

93. 8

5. 7

94. 3

5. 1

94. 9

Isomer ratios (percent) were obtained by integration of nmr spectra
obtained in CHC13 by means of a Varian A-60A spectrometer using
TMS as an external standard.

20

inversion is aided by an increase in stability of leaving groups,
Table 5.
The anomalous effect of lithium ion has been studied in
31
detail, Table 6 .
As before, lithium ion is able to divert the
This unusual effect of

reaction to nearly 100% retention, b .

lithium is further demonstrated by its ability to overcome the effect
It is shown to be effective

exerted by an added soluble salt, i.

in less than equivalent concentrations, f, and although diminished,
its ability to divert the reaction to retention prevails in a
solvent in which it would be ext'ected to be at least partially
solvated, g, or sparingly soluble, j .

The influence of lithium ion

is also found to be independent of the leaving group .
Table 5
Treatment of various cis-2-substituted 5-chloromethyl-5 -methyl -2thio-1,3,2-dioxaphosphorinans with sodium .E,.-methylphenoxide in
acetonitrile.
CH2Cl
CH 3�
\
Y"�P=S
.
t
OR
R
C6 H5

c 6H4Br

c H4No2
6

% cis
(retention)

% trans
(inversion)

. 98.5

1.5

97.4

2.6

95.2

4.8

21
Table 6
Percentage of inversion and retention obtained by treating chloridate
(1) with ,E_-methoxyphenol and triethylamine under the given
conditions .
+

ca3oc 6a4oa + (C 2H ) N
5 3

CH2Cl

) CH�\

=O

oc 6H4ocH3
I

pc 6H40CH3
+

Solvent
a
b
C

d
e
f

CH CN
3

CH3CN
CH3CN

8.8

0

LiCl04

(1

eq . )

Mg(Cl04)2 (1 eq.)

KC104 (1 eq . )

CH3CN

LiCl04 (½ eq . )

THF

h

CH CN
3
CH3CN

i

% Retention

Added Salt

CH CN
3
Benzene

g

ClCH�t
CH3

=S

96 . 1

% Inversion

91 . 2

3.9

0

100

0

100

40 . 8

59.2

88 . 3

11 . 7

78 . 6
LiCl04 (1 eq . )
+
38 . 4
(C2H5)3NcH2c 6H5 Cl
(1 eq . )
+
(C2H5)3NcH2c 6H5Cl (1 eq . ) +
94 . 5
LiCl04(1 eq.)

21 . 4

0

LiCl

(1 eq . )

87 . 5

61 . 6
5 .5
12 . 5
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Thus far we have seen that nucleophilic substitution at

phosphorus in the chloridate (1) and some of its phosphate triester

derivatives is influenced by the nature of the solvent, the basicity
of the nucleophile, the stability of the leaving group, possible

overlap with phosphorus 3d orbitals, and the presence of added

cations, particularly lithium.

At this point a mechanism has not

been put forth that accounts for all the effects.

By examining

substitution reactions with various phosphate triesters under widely

varying conditions strong evidence will be provided for a mechanism
that explains these results.

RESULTS
The compounds used in this study are trans-2-substituted-5-

chloromethyl-5-methyl-2-oxo-1, 3, 2-dioxaphosphorinans.
1

configurations were determined by comparison of

Their

H nmr spectra with

spectra of compounds of known configuration, Table

9.

2 8, 29 , 30 , 34, 35, 36

As with the chloridate (1) the extent of reaction and configuration
of the products could be determined from their

1

H nmr spectra.

5-methyl group was used to deter�ine isomer ratios via peak

The

integrations.

The initial compound studied was trans-2-(.E_-methylphenoxy) -5-

chloromethyl-5-methyl-2-oxo-1, 3, 2-dioxaphosphorinan (E_-methylphenoxy
ester (3)).

This was prepared by reacting the chloridate (1) with

potassium .E.,-methyl phenoxide in dimethylformamide (DMF), Figure 17 , a
reaction which gave predominantly the trans isomer (95%).

product was then reacted with 1. 2 equivalents of potassium

E_-methoxyphenoxide in DMF.
CH2Cl
CH3�'{
. ��P=O
I
Cl

The

The reaction was followed by measuring
OC6H4CH3
. I
P=O
DMF>
F':::--o�
ClCH�O
CH3
(3) Trans

(1)

Figure 17
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the disappearance of the .E._-methyl peak via

1
H nmr.

Substitution was

44% complete in five minutes with complete retention of configuration,

Figure 18a.

After nearly five hours the more stable cis isomer was

found to predominate.

Apparently the final isomer ratio is

thermodynamically controlled.

The eventual predominance of the more

stable cis isomer indicates that some inversion must be occuring,

possibly from reattack by the .E._-methylphenoxide anion.

The same reaction was carried out with one equivalent of lithium

perchlorate added, Figure 18b.

The substitution was 47% complete in

seventy hours with no isomerization occuring up to 168 hours.

reaction again went 100% by retention.

The

It appears that the lithium

ion lowered the reactivity of the triester or the nucleophile or
both and eliminated the inversion process.

?C6H40CH3
P=O

P-cr/ + Oc 6H4cH3
c1cH
CH3

Figure 18a
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KOC6H40CH 3 + LiCl04

No Isomerization
Figure 18b

To determine whether the lithium ion was coordinating with the

phosphoryl oxygen or the phenoxy anion, the same reaction was run with

2.4 equivalents of the phenoxy Lalt and one equivalent of lithium

perchlorate.

If the lithium was complexing with the phenoxy anion,

the rate of reaction should have been greatly enhanced.

This was

found to be the case as the substitution was 68% complete in 30
minutes.

Results were confirmed by the reaction of potassium

.E_-methylphenoxide with trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo1,3,2-dioxaphosphorinan (phenoxy ester (4)) in DMF, Figure 19.

Seventy percent substitution was reached in five minutes at which·

point the reaction had gone 57 % by inversion.
became the major product after isomerization.

The cis isomer again

When this reaction was

run with one equivalent of lithium perchlorate, 74% substitution was
reached at 4 8 hours giving 95% retention.

From these results it appears that the leaving group basicity

influences the percent of retention observed.

To test the effect of

the leaving group various R_-substituted phenyl esters were reacted
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pc 6 H s

r:--o;;P=O

ClCH,r:;:-CH

+

KOC H cH
6 4 3)

�

oc 6H4CH3

ClCH2
CH3

0

I
P=O

Slow
�(--->

Figure 19
with potassium £_-methylphenoxide in DMF, Table 7.

The reactions were

run for very short periods to determine the initial rate and mode of
substitution and avoid interferences from possible isomerization.

The results indicate that the more weakly basic leaving groups

favor inversion.

unexpected.

The result with the £_-fluorophenyl ester is

From the Hannnett a- values we would expect similar

results for the £_-fluorophenyl and phenyl esters.
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However, the

rate of substitution for the £_-fluorophenyl ester is twice that of

the phenyl ester and it goes by inversion to nearly twice the extent.

The strong negative inductive effect of the fluorine may be more
important than resonance effects for favoring inversion.

When the solvent was switched to acetonitrile it was discovered

that the phenoxide salts were insoluble.

To overcome this the phenoxy

anion was produced in the reaction mixture by the action of

triethylamine (TEA) on the phenol, the ammonium salts being soluble.

For these reactions two equivalents of phenol and TEA were used to

C

f 6

ClC H �0yr
2

CH

=o

Table 7

H4X

ioc 6H4cH 3

+

3

Time -Run (sec . )

X

'

DMF

ff Runs

�

�1

ClCH
2

CH

3

% Inversion

OC 6H4CH 3
P=O
+

CH2Cl

CH
3
�
O --\
P=O

OC6H4CH 3
% Substituted

N0
2

5

3

98

79

CHO

5

3

92

90

5

3

84

95

5

2

97

12 0

1

23

71

31

120

1

0

8

120

1

53

61

COCH

3

CN
H

OCH
F

3
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raise the concentration of nucleophile.

proceeded slowly.

Even then the reactions

It took 105 days for .E_-methylphenoxy anion to

proceed to 25% substitution with phenoxy ester (4), Figure 20.

At

this point the reaction was proceeding primarily with retention.

Figure 20
When the reaction was run in the presence of two equivalents of

lithium perchlorate, the reaction rate was increased by a factor of
17.

Again retention was almost exclusive.

It appears that the rate

increase with lithium present is due to an increase in the concen

tration of the nucleophile caused by complexation of the lithium ion

with the .E_-methylphenoxide anion.

Complexation would shift the

�-methylphenol-TEA equilibrium to the right, Figure 21.

Increased concentration of nucleophile must be able to overcome the
+

+
Figure. 21
rate decreasing effect shown by lithium ion in the previous systems.

This hypothesis is strengthened by the well-known ability of lithium
ion to strongly associate with oxyanions.

38 ' 39
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If the association of lithium ion with the nucleophile is

responsible for the increased rate , it follows that the attacking

nucleophile is an ion pair.

If this is the case, the effect of

added lithium ion should decrease in solvents of higher cation
solvating ability.

To test this hypothesis , a trans-.E_-cyanophenyl

ester (5), Table 8, was reacted with .£_-methylphenoxide ion (from

reaction with TEA) with and without lithium ion in solvents of

different cation solvating ability.

The relative ordering of cation

solvating ability of the solvents used is dimethylsulfoxide

40

DMF > acetonitrile (CH CN).
3

-�t was expected that the rate

(DMS0)>

acceleration due to lithium ion would decrease going from CH CN to
3

DMSO.

This was found to be the case, Table 8.

The value of 19.0 in

CH3CN for this reaction agrees well with the 17 fold rate increase
for the analogous phenoxy ester (4) reaction. The amount of inversion
observed increased as the rate enhancement decreased.

This fact

combined with previous data points to separate mechanisms for
inversion and retention of configuration at phosphorus with

retention being favored by association of lithium ion with the
nucleophile.

To gain some idea of the degree of participation of the leaving

group in the rate determining step for the retention pathway , a series
of trans-.£_-substituted phenyl esters were reacted with ..2.-methylphenol
in the presence of TEA and lithium perchlorate in CH CN, Figure 22.
3
In this solvent only retention is observed in the presence of

lithium ion.

When the log of the initial rate is plotted against

Table 8
OC 6H4CN
l
P=O

�;J + H C 6H4CH3

C1CH
2

CH3

O

fC 6H4CH 3
+ TEA

Solvent
CH CN
3

r:_--. o -----J
ClCHz�O/
CH 3

P =O

+

CH

CHzC l

'

� P =O

OC 6H4CH 3

Rate Increase Due to
Added LiC lOt. (2 equiv��
19 . 0

DMF

3 .8

DMSO

1.6

w

0
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X
the a - values

Figure 23.

a

N0 , CN, H, or OCH
3
2
Figure 22

37 for the · leaving groups a Hammett plot i s obtained,

Initial rates were used to avoid any pos sible

complications due to isomerization of starting material or attainment

of equilibrium.

A rho value (slope) of 1 . 6 was found.

This is

relatively large and indicates that the leaving group participates

in the rate determining step.

The steric effect of a larger leaving group was studied in the

reaction of trans-2 - (2 , 6-dimethylphen_oxy)-5-chloromethyl-5-methyl-2oxo-1, 3, 2-dioxaphosphorinan (6) with potas sium .E_-methylphenoxide in

DMF with and without added lithium perchlorate, Figure 2 4 .

The

reactions were followed by integration of the phenyl hydrogens on

the 1 H nmr spectra.

Since the dimethylphenoxy group is a relatively

poor leaving group, we would expect a larg e percentage of the

reaction to go by retention as with the .E_-methylphenyl ester (3) and
the phenyl ester (4 ).

This was not the case as the reaction went

entirely by inversion even in the presence of lithium ion.

effect of lithium ion was to slow down the reaction.

The only

This indicates

that the intermediate or transition state for retention involves a

p-NO

1.2

2

.8

.4

Log
(rate)

0. 0

-. 4

-. 8

-.2

.2

.6

1. 0

1. 4

1.8

(J

Figure 23. Hammett plot of substitution of .E_-substituted trans-phenyl esters by
.E_-methylphenoxide via retention, acetonitrile as solvent.
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structure in which the leaving group is in a more sterically
constrained environment than for inversion.

From these results the following conclusions may be drawn:

1.

The stereochemistry of nucleophilic substitution at

phosphorus is influenced by the basicity of the leaving
group with the more basic leaving group favoring

2.

retention .

Lithium ion diverts the reaction to retention by forming
an intimate ion-pair with the nucleophile which then
attacks phosphorus.

3.
4.

This associated ion is less

reactive than the unassociated nucleophile.

For the retention mechanism the leaving group participates

in the rate determining step .

The mechanism for retention entails a more sterically
unfavorable configuration than for inversion.

DISCUSSION
It appears that there are two bimolecular pathways responsible

for nucleophilic substitution at phosphorus.

For inversion the

accepted mechanism appears to be correct, Figure 25.

Attack of the

nucleophile o ccurs at the face opposite to the leaving group at

tetrahedral phosphorus. _ This gives a transition state in which both

l eaving group and nucleophile are in the preferred apical positions
4
o f the resultant tbp.
For retention the situation is no t as easily asses sed.

o f the nucleophile at two other faces would lead to trigonal

bipyramids in which the leaving group is equatorial.

Attack

Loss of the

leaving group from an equatorial position to give retentio n is
energetically unfavorable and is dismiss ed as a pos sibility. 4

Retention of configuration is presently explained by s uitable

pseudorotatio ns of the initially formed tbp in which the nucleophile
2 4
and leaving group are apical. '

If this mechanism is correct,

complete retention should be an impossibility.

The leaving group

would be able to depart more easily from the initially formed tbp to
yield inversio n than from one formed after pseudo rotation.

The

argument is strengthened by the fact that there is an energy barrier

to pseudorotation involving a square pyramidal transition state of
higher energy than the original tbp. 4

energy barrier even higher.

Ring strain would make the
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Face attack to form a tbp does not conform to our results for

under appropriate conditions we have obtained 1 00% retention.

Edge

attack at the base of the tetrahedron to give a square pyramidal
intermediate, Figure 25, satisfies our data for retention.

the edge opposite the leaving group is not possible due to
constraints imposed by the ring , Figure 26.
A - ....

0

II

-i � x
B

y

A ...

>

y

'P - 0
I

B .,.- \
X

Inversion

-x-

A

"

B �'

p

n

/

Attack at

y

0

0- - - M

MY

:
A ..:.- - P- - -Y
....X
B

,

I'f

t

Retention

1

-MX

II
, P,
A/
'y

i

Figure 25
I f retention o f configuration proceed s through a square pyramidal

intermediat� when there is ion association, it seems likely that this

process is also feasible in the absence of ion association.

If this

is t he case , then there would be compet it ion between the pathways when
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a . Edge attack blocked by ring
b . and c. Edge att ack to
yield retention is possible

Figure 26
ion association is low with the basicity of t he ·leaving group

becoming ·a determining factor.
the E.-nit rophenoxy
the

We have shown that displacement of

group occurs almost entirely by inversion , whereas

,E_-methoxyphenoxy

group is displaced by ret ent ion.

Inversion would require opposite face attack and an unoccupied

3� z orbital, Figure 27.

We have seen that the t hiophenoxide group

departs primarily by retention despite the fact that it is an

excellent leaving group as is attested by its rapid reaction rate.

3d
xz

Figure 27
As was seen earlier, the splitting of the p-methyl peak in a trans2-,E_-methylphenylthiophosphorinan, Figure 11, indicates that sulfur
3d orbitals overlap with phosphorus 3d orbitals.

This overlap may be
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strongest for the 3dxz orbitals of phosphorus.

This molecular orbital

would have increased electron density from the ligand and so hinder

opposite face attack of the nucleophile.

A similar situation may

exist between oxygen 2p orbitals and phosphorus 3d orbitals,
Figure 2.

This would explain the tendency of more basic leaving

groups to favor the two step retention mechanism.

Edge attack to yield retention would require an unoccupied

3dx2-y2 orbital on phosphorus, Figure 28.

Apparently overlap

3dX 2 2
-y

Figure 28

between the 3dx2-y2 and ligand 3d or 2p

orbitals occurs to a lesser

extent than for the 3dxz orbital although this is not obvious from

the linear combination of the undistorted atomic orbitals, Figure 2.
However, molecular orbitals distorted by ligands may exhibit

selective overlap.

With this approach the remainder of the experimental evidence

may be rationalized.

Lithium ions ability to divert a reaction to

retention may be visualized as providing the proper " fit" via an
associated ion to form the square pyramidal intermediate.

Other

cations inability to divert a react�on may be due to their lack of
association or relatively large size and poor fit.
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The lessened reaction rate of the ester and phenoxide salt in

the presence of lithium is also explained by the proposed retention

mechanism, Figure 2 5.

The associated ion raises the energy of

activation for the formation of a tbp intermediate possibly by
decreasing the effective nucleophilicity of the nucleophile.

It is

possible that the lithium ion could associate between the nucleophile

and the phosphoryl oxygen in the tbp but this could only serve to

hinder the pseudorotations necessary for retention.

This

coordination must not occur to an appreciable extent as the resultant
increased inversion is not noted.

Thus, the less reactive associated

ion prefer entially attacks to give a square pyramidal intermediate

in which the lithium ion may become more strongly associated with

phosphoryl oxygen which is developing a negative charge.

Association

may then begin to occur between the leaving group and lithium ion to

allow departure of an associated ion leaving group.

Pseudorotation in a trigonal bipyramid intermediate would also

be hindered by the six-membered ring.

For pseudorotation to occur

the six-membered ring would have to span an axial-equatorial
p osition.

To do this the near tetrahedral angle of the ring should

go to near 90

°

creating a strain.

As was seen earlier , situations

involving ring strain favor a square pyramidal conformation for

pentacoordinate phosphoru s compounds.

24 25
'

The slope of the Hammett p lot indicates that the leaving group

participates in the rate determining step for the retention mechanism.
This fits well into our scheme in which the rate determining step is
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the departure of the leaving group.

An exception to this may occur

if the substrate contains an excellent leaving group. The thiophenyl

ester (7) , Figure 29, substitutes by retention at a rate that is too

fast to follow even with added lithium ion.

In this case attack of

the nucleophile is rate determining and there is no prior
equilibrium.

This process may even approach concertedness.

>
Nu

Figure 29

r--- c,-,--,-J
ClCH� o/
CH3

P=O

The tendency of a large leaving group to prefer displacement by

inversion even in the presence of lithium ion is explained by the
proposed retention mechanism.

A square pyramidal intermediate would

be sterically less favored with two groups adjacent to the leaving
group at bond angles of 88

°

and one ligand at 1 05

°

compared to a

trigonal bipyramid with three groups at bond angles of 90

ligand at 180 .
°

2

0

and one

This argument in itself does not rule out formation

of a tbp intermediate followed by pseudorotations to give retention

since the pseudorotations require spy intermediates.

However, when
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coupled with the ion association evidence whi_c h rules out the tbp
it adds validity to the proposed mechanism.
The crux of our contention that a spy intermediate is involved
. for retent ion is that ion association between lithium ion and
oxyan ion is occuring .
for

Ion association provides the best explanation

the rate acceleration of lithium ion in the phenol , TEA , substrate

situation as compared to its decelerating effect when the soluble
phenoxy salt is employed .

Conclusive proof of ion association is

provided by the trend in rate accelerations in the solvents of
di f ferent cation solvating ability .

There is no apparent alt��nate

explanation for this solvent effect .
Conclusion
It appears that nucleophilic substitution at phosphorus in
six-membered ring phosphate triesters may occur through two different
configurations .

Invers ion may be achieved through a trigonal

bipyramidal transition state favored by weakly basic leaving groups,
cations that aid in removal of the leaving group, an absence of
extensive overlap with the 3d

xz

orbitals, and by_ bulky ligands .

orbital of phosphorus by ligand 3d
Retention may proceed through a

square pyramidal intermediate favored by a strong basic leaving
group and association of the nucleophile with lithium ion.

EXPERIMENTAL
Proton Nuclear Magnetic Resonance ( 1H-nmr) spectra were

obtained on a Perkin Elmer R 12B spectrophotometer at 60 MHz.

Tetramethyl silane (TMS) in deuterated chloroform was used as an

external standard.

Cis and trans ratios were determined by peak

integration of the 5-methyl hydrogens (Table 9).
are in degrees centigrade and are uncorrected.

All melting points

They were determined

on a Thomas Hoover capillary melting point apparatus.

were run at room temperature.

All reactions

Trans-2-(p-nitrophenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3,2-

dioxaphosphorinan

Trans-2-(p-acetylphenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3,2-

dioxaphosphorinan

Trans-2-(p-formylphenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3,2-

dioxaphosphorinan

Trans-2-(p-cyanophenoxy)-5-chloromethyl-5-methyl-2-oxo-1, 3,2-

dioxaphosphorinan

The desired phenol (. 02 mole) was dissolved in dimethylformamide

(25 ml) and 50% sodium hydride (. 96 g, . 02 mole) was added.

The

reaction was allowed to subside and the flask was cooled to room

temperature.

Cis-2-chloro-5-chloromethyl-5-methyl-2-oxo-1, 3, 2-

dioxaphosphorinan (4. 36 g, . 02 mole) was then added and the solution

was again cooled.

After ten minutes the solution was poured into
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400 ml of water to precipitate the product.

The white product was

filtered and then dried under reduced pressure.

recrystallized from carbon tetrachloride.

The product was

Yields were 3.81 g ( 61%),

2. 4 1 g ( 38%), 1.95 g ( 32%), and 3.32 g (56%) for the .£_-nitrophenyl

ester ( m. p. 110-112, Spectrum 1), .£_-acetylphenyl ester (m. p. 91-93,
Spectrum 2), .£_-formylphenyl ester (m. p. 85-87, Spectrum 3), and

.£_-cyanophenyl ester (m.p. 136-138, Spectrum 4) respectively.

Trans-2- (p-methoxyphenoxy)-5-chloromethyl-5-methyl-2-oxo-1 ,3,2-

dioxaphosphorinan

Trans-2- (p-methylphenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3 ,2-

dioxaphosphorinan

Trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo-1 2 3,2-

dioxaphosphorinan

Trans-2- (p-fluorophenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3,2-

dioxaphosphorinan

Trans-2- (2,6-dimethylphenoxy)-5-chloromethyl-5-methyl-2-oxo-

1,3,2-dioxaphosphorinan

The potassium or sodium salt of the desired phenol ( . 02 mole)

was dissolved in dimethylformamide (50 ml).

Cis-2-chloro-5-

chloromethyl-5-methyl-2-oxo-1,3,2-dioxaphosphorinan ( 4.3 6 g, .02
mole) was added and the mixture was allowed to stand for five

minutes .

The solution was poured into 400 ml of water to

prec ipitate the produc t.

The cream colored product was filtered,

dried under reduced pressure, and recrystallized from heptane.

Yields were 2. 81 g (47%), 2. 78 ( 48%), 2. 74 g (51 % ), 3. 47 g (59%),
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and 3. 22 g (53%) for the £_-methoxyphenyl ester (m. p. 95-96 , Spectrum

5) , £_-methylphenyl ester (m. p. 98-101, Spectrum 6) , phenyl ester
(m. p. 126-130, Spectrl.llil 7) , £_-fluorophenyl ester (m. p. 100-104,

Spectrum 8) , and 2,6-dimethylphenyl ester (m. p. 135-138, Spectrum 9)

respectively.

These reactions typically yield approximately 5% of

the cis isomer in the product.

Reaction of trans-2-(p-methylphenoxy) -5-chloromethyl-5-methyl-

2-oxo-1,3, 2-dioxaphosphorinan with one equiv. of potassium p-methoxy

phenoxide

Potassium £_-methoxyphenoxide (. 49 g, . 003 mole) was dissolved

in approximately 20 ml of dimethylformamide in a twenty-five ml

volumetric flask.

The £_4Ilethylphenyl ester (. 73 g, . 0025 mole) was

added and the mixture brought up to the mark with DMF.

was capped and shaken.

to the mark.

The solution

Timing began when the solution was brought

Five ml aliquots were taken with a volumetric pipette

at 5 minutes, 30 minutes, 60 minutes, 120 minutes, and 285 minutes.

The reaction aliquots were quenched in 100 ml of water to
precipitate the products.

The white product crystals were filtered

and then dried under reduced pressure.

The extent of reaction was

determined by following the disappearance of the para methyl peak

via nmr.

Reaction of trans-2-(p-methylphenoxy) -5-chloromethyl-5-methyl-

2-oxo-1,3,2-dioxaphosphorinan with one equiv. of potassium p-methoxy

phenoxide in the presence of one equivalent of lithium perchlorate
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.E_-Methylphenyl ester ( 1 . 46 g, . 005 mole) and lithium

perchlorate (. 53 g, . 005 mole) were weighed into a 50 ml volumetric

flask and dissolved in appr-0ximately 20 ml of DMF.

To this was

added potassium .E_-methoxyphenoxide (. 97 g, . 006 mole) dissolved in

20 ml of DMF.
begun.

The solution was brought up to the mark and timing

Five milliliter aliquots were taken at 1 hour, 2 hours, 71

hours, 120 hours, and 168 hours.

These were quenched in 1 00 ml of

water and the resultant product crystals filtered and dried.

The

extent of reaction was determined by following the disappearance of

the para methyl peak via nmr.

Reaction of trans-2-(p-methylphenoxy)-5-chloromethyl-5-methyl-

2-oxo-1,3,2-dioxaphosphorinan with 2. 4 equivalents of potassium

p-methoxyphenoxide in the presence of one equivalent of lithium

perchlorate

p-Methylphenyl ester (1. 46 g, . 005 mole) and lithium perchlorate

(. 53 g, . 005 mole) were weighed into a 50 ml volumetric flask and
dissolved in approximately 20 ml of DMF.

To this was added

potassium .£_-methoxyphenoxide (1. 94 g, . 01 2 mole) dissolved in 20 ml
of DMF.

began.

The reaction mixture was brought up to the mark and timing

Aliquots were taken at 1 5 minutes, 2 hours, and 24 hours.

These were quenched in 1 00 ml of water and the white product crystals

were filtered and dried.

The extent of the reaction was determined

by following the disappearance of the para methyl peak via nmr.

Reaction of trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo-1,3,2-

dioxaphosphorinan with one equivalent of potassium p-methyl phenoxide
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Potassium .E_-methylphenoxide (. 44 g, . 003 mole) was weighed into

a 25 ml volumetric flask and dissolved in 15 ml of DMF.

To this was

added the phenyl ester (. 69 g, . 0025 mole) and the mixture was
brought up to the mark where timing began.

Aliquots were taken at

2 minutes, 5 minutes, 15 minutes, 30 minutes and 60 minutes and

were worked up as for the .E_-methylphenyl ester reactions.

The

extent of the reaction was followed by measuring the appearance of

the .E_-methyl hydrogens peak via nmr.

Reaction of trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo-1, 3,2-

dioxaphosphorinan with one equivalent of potassium p-methylphenoxide

in the presence of one equivalent of lithium perchlorate

Potassium 1:-methylphenoxide (. 44 g, . 003 mole) and lithium

perchlorate (. 32 g, . 003 mole) were weighed into a 25 ml volumetric

flask and dissolved in 15 ml of DMF.

The phenyl ester (. 69 g, . 0025

mole) was added and the solution was brought up to the mark where

timing began.

Aliquots were taken at 5 hours, 10 hours, 24 hours,

48 hours, and 72 hours and were worked up as for the .£_-methylphenyl

ester reactions.

The extent of reaction was followed by measuring

the appearance of the .£_-methyl hydrogens peak via nmr.

Reaction of trans-2-(p-nitrophenoxy)-5-chloromethyl-5-methyl-

2-oxo-1,3,2-dioxaphosphorinan with 1. 2 equivalents of potassium
p-methylphenoxide

.E_-Nitrophenyl ester ( . 314 g, . 001 mole) was dissolved in 5 ml

of DMF in a 50 ml beaker.

Potassium .£_-methylphenoxide (. 176 g,

. 0012 mole) was dissolved in 5 ml of DMF in a 150 ml beaker .

The
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ester solution was then added to the salt solution as the salt

solution was swirled with timing beginning at the moment of addition.

Using a countdown procedure and a stopwatch the reaction was

quenched at 5 seconds by pouring in 100 ml of water to precipitate

the products.

dried.

The white product crystals were then filtered and

The extent of the reaction was determined from the .£_-methyl

hydrogen peak on the nmr spectra.

Reaction of trans-2-(p-formylphenoxy)-5-chloromethyl-5-methyl-

2-oxo-1,3,2-dioxaphosphorinan with 1.2 equivalents of potassium

p-methylphenoxide

This reaction was run identically to the analogous reaction

with the .E_-nitrophenyl ester and used .297 g ( .001 mole) of the

.E_-formylphenyl ester.

Reaction of trans-2-(p-acetylphenoxy)-5-chloromethyl-5-methyl

2-oxo-1,3,2-dioxaphosphorinan with 1. 2 equivalents of potassium

p-methylphenoxide

This reaction was run identically to the analogous reaction with

the .E_-nitrophenyl ester and used . 320 g (. 001 mole) of the .E_

acetylphenyl ester.

Reaction o� trans-2-(p-cyanophenoxy)-5-chloromethyl-5-methyl-

2-oxo-1,3, 2-dioxaphosphorinan with 1.2 equivalents of potassium

p-methylphenoxide

This reaction was run identically to the analogous reaction

with the .E_-nitrophenyl ester and used . 295 g (. 001 mole) of the

.E_-cyanophenyl ester.
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Reaction of trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo-

1,3,2-dioxaphosphorinan with 1. 2 equivalents of potassium

p-methylphenoxide

This reaction was carried out as was the analogous reaction

with the _p_-nitrophenyl ester but was run for 120 seconds and used
. 276 g (. 001 mole) of the phenyl ester.

Reaction of trans-2 - (p-methoxyphenoxy)-5-chloromethyl-5-methyl-

2-oxo-1,3, 2-dioxaphosphorinan with 1. 2 equivalents of potassium

p-methylphenoxide

This reaction was carried out as was the analogous reaction

with the _p_-nitrophenyl ester but was run for 120 seconds and used
. 308 _g (. 001 mole) of the .E_-methoxyphenyl ester.

Reaction of trans-2- (p-fluorophenoxy) -5-chloromethyl-5-methyl-

2-oxo-1,3,2-dioxaphosphorinan with 1. 2 equivalents of potassium

p-methylphenoxide

This reaction was carried out as was the analogous reaction

with the .E_-nitrophenyl ester but was run for 120 seconds and used
. 288 g (. 001 mole) of the _p_-fluorophenyl ester.

Reaction of trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo-1, 3, 2-

dioxaphosphorinan with 2 equivalents of p-methylphenoxy anion

The phenyl ester (1. 39 g, . 005 mole) and .E_-methylphenol (1. 08 g,

. 01 mole) were weighed into a 25 ml volumetric flask and dissolved

in 15 ml of acetonitrile.

Triethyl amine (1. 01 g, . 01 mole) was

then weighed into the solution drop-wise and the mixture was brought

up to the mark with acetonitrile.

Aliquots were taken at 4 days,
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15 days, 45 days, 7 7 days, and 105 days.

The aliquots were quenched

in 100 ml of water and the product crystals filtered and dried.

The

extent of the reaction was determined from the growth of the p-methyl
hydrogens peak via nmr.

Reaction of trans-2-phenoxy-5-chloromethyl-5-methyl-2-oxo-1,3,2-

dioxaphosphorinan with two equivalents of p-methylphenoxy anion in
the presence of two equivalents of lithium perchlorate

The phenyl ester (1. 38 g, . 005 mole), _p_-methylphenol (1. 08 g,

. 01 mole), and lithium perchlorate (1. 06 g, . 01 mole) were weighed

into a 25 ml volumetric flask and dissolved in 15 ml of acetonitrile.

Triethylamine (1. 01 g, . 01 mole) was then weighed into the solution
drop-wise and the mixture was brought up to the mark with

acetonitrile.

Aliquots were taken at 10 hours, 24 hours, 48 hours,

119 hours, and 197 hours.

The aliquots were quenched in 100 ml of

water and the product crystals filtered and dried.

The extent of

the reaction was determined from the growth of the _p_-methyl hydrogen
peak via nmr.

Reaction of trans-2- (p-cyanophenoxy)-5-chloromethyl-5-methyl-

2-oxo-1, 3,2-dioxaphosphorinan with two equivalents of p-methylphenoxy
anion in the presence of two equivalents of lithium perchlorate in
various solvents

The _p_-cyanophenyl ester (1 . 51 g, . 005 mole), _p_-methylphenol

(1. 08 g, . 01 mole), and lithium perchlorate (1. 06 g, . 01 mole) were

weighed into a 25 ml volumetric flask and dissolved in 15 ml of
acetonitrile.

Triethylamine (1. 01 g, . 01 mole) was weighed into the
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solution drop-wise and the mixture brought up to the mark with

acetonitrile.

Aliquots were taken at 3 hours, 5 hours, 10 hours,

22 hours, and 48 hours.

An identical reaction was run in

dimethylformamide.

Aliquots were taken at 48 hours, 122 hours, 7

dimethylsulfoxide.

Aliquots were taken at 48 hours, 122 hours, 6

days, 9 days, and 13 days.

Another identical reaction was run in

days, 10 days, and 14 days.

All aliquots were quenched in 100 ml

of water and the product crystals filtered and dried.

The extent of

the reaction was determined from the growth of the £_-methyl hydrogen
peak via nmr.

Reaction of trans-2- (p-cyanophenoxy)-5-chloromethyl-5-methyl-

2-oxo-1,3,2-dioxaphosphorinan with two equivalents of p-methylphenoxy
anion in various solvents

The .E_-cyanophenyl ester (1. 5 1 g, . 005 mole) and .£_-methylphenol

(1. 08 g, . 01 mole) were weighed into a 25 ml volumetric flask and
dissolved in 15 ml of acetonitrile.

Triethylamine (1. 01 g, . 01 mole)

was weighed into the solution drop-wise and the mixture brought up
to the mark with acetonitrile.

Aliquots were taken at 23 hours, 48

hours, 72 hours, 122 hours and 7 days.

run in dimethylformamide.

Aliquots were taken at 48 hours, 122 hours,

10 days, 20 days , and 41 days.

in dimethylsulfoxide.

An identical reaction was

Another identical reaction was run

Aliquots were taken at 48 hours, 122 hours,

6 days, 14 days, and 20 days.

All aliquots were quenched in 100 ml

of water and the product crystals filtered and dried.

The extent of
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the reaction was determined from the growth of the .E_-methyl hydrogen

peak via runr.

Reaction of trans-2- (p-methoxyphenoxy)-5-chloromethyl-5-methyl-

2-oxo- 1 ,3 ,2-dioxaphosphorinan with two equivalents of p-methylphenoxy
anion in the presence of two equivalents of lithium perchlorate

The .E_-methoxyphenyl ester ( 1 . 54 g, . 005 mole) , .E_-methylphenol

( 1. 08 g, . 01 mole) , and lithium perchlorate ( 1 . 06 g, . 01 mole) were

weighed into a 25 ml volumetric flask and dissolved in 1 5 ml of
acetonitrile.

Triethylamine ( 1. 01 g, . 01 mole) was added drop-wise

and the mixture was brought up to the mark with acetonitrile.

Aliquots were taken at 3 days, 5 days, 1 0 days, and 1 3 days.

The

aliquots were quenched in 1 00 ml of water and the product crystals

filtered and dried.

The extent of reaction was determined from the

growth of the .£_-methyl hydrogen peak via nmr.

Reaction of trans-2- (p-nitrophenoxy) -5-chloromethyl-5-methyl-

2-oxo-1 , 3 ,2-dioxaphosphorinan with two equivalents of p-methylphenoxy
anion in the presence of two equivalents of lithium perchlorate

The .E._-nitrophenyl ester (1 . 68 g, . 005 mole ) , .E_-methylphenol

(1. 08 g, . 01 mole) , and lithium perchlorate ( 1 . 06 g, . 01 mole) were

weighed into a 25 ml volumetric flask and dissolved in 1 5 ml of
acetonitrile.

Triethylamine ( 1 . 01 g, . 01 mole) was added drop-wise

and the mixture was brought up to the mark with acetonitrile .

Aliquots were taken at 1 hour, 3 hours, 5 hours, 1 0 hours, and 24
hours .

The aliquots were quenched in 1 00 ml of water and the

product crystals filtered and dried.

The extent of reaction was
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determined from the growth of the .£_-methyl hydrogen peak via nmr.
Reaction of �rans-2-(2,6-dimethylphenoxy) -5-chloromethyl-5-

methyl-2-oxo- l, 3, 2-dioxaphosphorinan with 1. 2 equivalents of

potassium p-methylphenoxide

Potassium .E_-methylphenoxide (. 44 g, . 003 mole) was weighed into

a 25 ml volumetric flask and dissolved in 15 ml of dimethylformamide.

The 2, 6-dimethylphenyl ester (. 76 g, . 0025 mole) was dissolved in
5 ml of DMF and added to the salt solution.

brought up to the mark with DMF.

24 hours, 47 hours, and 72 hours.

The mixture was then

Aliquots were taken at 5 hours,
The aliquots were quenched in

1 00 ml of water and the product crystals filtered and dried.

extent of the reaction was determined by comparing the

The

2, 6-dimethylphenyl ring hydrogens to the para methylphenyl ring

hydrogens via nmr.

Reaction of trans-2- (2, 6-dimethylphenoxy) -5-chloromethyl-5-

methyl-2-oxo- l , 3, 2-dioxaphosphorinan with 1. 2 equivalents of

potassium p-methylphenoxide in the presence of 1 . 2 equivalents of
lithium perchlorate

Potassium .E_-methylphenoxide (. 44 g, . 003 mole) and lithium

perchlorate (. 32 g, . 003 mole) were weighed into a 25 ml volumetric

flask and dissolved in 1 5 ml of dimethylformamide.

The

2, 6-dimethylphenyl ester (. 76 g, . 0025 mole) was dissolved in 5 ml
of DMF and added to the salt solution.
brought up to the mark with DMF.

The m ixture was then

Aliquots were taken at 5 hours,

1 0 hours, 24 hours, 72 hours, and 120 hours.

They were quenched in
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100 ml of water and the product crystals filtered and dried.

the extent of the reaction was determined by comparing the

2, 6-dimethylphenyl ring hydrogens to the £_-methylphenyl ring
hydrogens via nmr.

Again
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Table 9
Chemical shifts* of methyl hydrogens on position five in 2(substituted phenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3,2dioxaphosphorinan in ppm (o )
Cis
CH3

Trans
CH3

.£_-N0 2

1. 01

1. 39

.£_-COH

1. 00

.E_-OCH3

. 95

Compound

.£_-COCH
3

.£_-CN

.E_-CH3

1. 36

1. 02

1. 38

. 94

.E_-H

. 93

2,6 di-CH3

. 94

.E_-F

*

1. 00

• 98

1. 37

1. 27

1. 28

1. 26

1. 30
1. 17

in d -chloroform with TMS as external standard
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